Ceramics of Ba͑BЈ 1/3 BЉ 2/3 ͒O 3 ͑for example: BЈ = Mg and Zn, BЉ =Ta͒ are important dielectrics for microwave communication systems because of their excellent high frequency properties. 1 These ceramics are commonly referred to as 1:2 complex perovskites. The long-range ordering and associated correlated displacements of the oxygen anions between the cation planes in these ceramics yields a trigonal structure with a ͕..BЈ 2+ -BЉ 5+ -BЉ 5+ . .͖ repeat sequence along the Ͻ111Ͼ direction of the parent cubic perovskite cell which is coincident with the c direction of the supercell. It is well recognized that the degree of B-site cation ordering is critical for optimizing the dielectric properties of Ba͑BЈ 1/3 Ta 2/3 ͒O 3 ceramics. 2, 3 By inducing long-range cation ordering through extended high-temperature ͑ജ1400°C͒ sintering and long soaking time, the quality factor values ͑Q ϳ 1 / tan ␦, tan ␦: dielectric loss͒ of Ba͑Zn 1/3 Ta 2/3 ͒O 3 and Ba͑Mg 1/3 Ta 2/3 ͒O 3 ceramics can be increased from ϳ500 to Ͼ35 000 at 10 GHz. [2] [3] [4] Generally in the studies of structure and dielectric loss properties of Ba͑Zn 1/3 Ta 2/3 ͒O 3 and Ba͑Mg 1/3 Ta 2/3 ͒O 3 , powder x-ray diffraction methods are utilized to investigate the variation of the B-site cations with the firing conditions ͑annealing temperature and time͒. 2, 3, 5 The "degree of order" has been gauged through an order parameter ͑S͒ ͕where S = ͓͑I 100 / I 110,012 ͒ obs / ͑I 100 / I 110,012 ͒ calc ͔ 1/2 ; ͑I 100 / I 110,012 ͒ obs is the ratio of the observed intensity of the ͑100͒ superstructure reflection to the corresponding ratio calculated for a fully ordered structure using published structural data.͖ 6 Tamura et al. 7 reported that the long range annealing time of Ba͑Zn 1/3 Ta 2/3 ͒O 3 , required to access a high-Q state could be overcome through minor additions of BaZrO 3 , typically less 5 mol %, which dramatically reduced the annealing time less to 10 h. For the substitution of BaZrO 3 up to approximately 4 mol %, the Q values increased from 10 000 to 15 000 at 7 GHz, however, it gradually decreased to 10 000 for 25% addition of BaZrO 3 and then degraded more rapidly for higher concentrations. It was also noted that substitution accelerated the "crystallization" of the perovskite structure and the low-BaZrO 3 -doped samples yielded high-Q ceramics after very short annealing time ͑4 h at 1500°C͒. However, the most surprising result, particularly in light of the welldocumented improvement of Q with increased cation order in the Zr-free tantalates, was that the x-ray lines associated with the long-range ordering had disappeared in the 4% BaZrO 3 high-Q samples. However, the origins of the improved Q's, the decreased in time required to reach high Q, and the observation of an apparently disordered distribution of B-site cations at a very small level of BaZrO 3 substitution remain unexplained. Furthermore, the formation of a high-Q ceramic with a random cation distribution seems to contradict the experimental and theoretical studies of the undoped tantalate systems. Despite their importance, no detailed investigation of the ordered domain structure of the Zr or other ion-substituted perovskites has been made.
In this letter, Ba͓Mg 1/3 ͑Nb x/4 Ta ͑4−x͒/4 ͒ 2/3 ͔O 3 ͑BMN x T 4−x , x =0, 1, 2, 3, and 4͒ ceramics were synthesized at various Nb substitution contents and the relationship among dielectric loss ͑quality factor, Q͒, ordered structure and orderinginduced domain boundaries in Ba͓Mg 1/3 ͑Nb x/4 Ta ͑4−x͒/4 ͒ 2/3 ͔O 3 at various Nb substitution contents was investigated. Author to whom correspondence should be addressed; electronic mail: jlh888@mail.ncku.edu.tw media for 24 h. After drying and sieving with 100 mesh, the powders were then calcined at 1100°C for 3 h with a heating rate of 6°C / min. Ba͓Mg 1/3 ͑Nb x/4 Ta ͑4−x͒/4 ͒ 2/3 ͔O 3 ceramic pellets were prepared and finally sintered at 1650°C for 9 h with a heating rate of 6°C / min. The Q values were measured using a TE 011 resonator frequency peak by placing the sample in a metal cavity ͑HP8722A͒. Samples for transmission electron microscopy ͑TEM͒ were prepared by mechanically grinding the ceramic pellets to a thickness of 20-30 m and a final thinning was conducted via argon-ion milling ͑Gatan model 600 dual ion mill͒. The samples were lightly coated with carbon before TEM observation to prevent surface charging. Electron diffraction and highresolution electron microscopy were performed at 200 kV ͑JEOL 3010͒.
The Q values of BMN x T 4−x ceramics at various Nb substitution contents are shown in Fig. 1 . The Q value improves dramatically from 12 250 to 17 600 for Nb substitution content x = 1, gradually decreases to 12 650 for x = 2 and then maintains a constant value for x = 3 and 4. The appropriate Nb substitution content ͑x =1͒ can obviously improve the Q value of Ba͑Mg 1/3 Ta 2/3 ͒O 3 ceramic. The results indicate that appropriate Nb substitution ͑x =1͒ can effectively promote the quality factor as per the result of Tamura in the Ba͑Zn 1/3 Ta 2/3 ͒O 3 -BaZrO 3 ͑Ref. 7͒ solid solution. In Ba͑Zn 1/3 Ta 2/3 ͒O 3 -BaZrO 3 solid solution Zr, Ta, and Zn ions have different electric charge and ion radius, so excess Zr substitution could induce the transformation of the ordering structure and then result in the degeneracy of the quality factor. 8 For Ba͓Mg 1/3 ͑Nb x/4 Ta ͑4−x͒/4 ͒ 2/3 ͔O 3 solid solution, no gradual degeneracy of quality factor was observed due to the similar electric charge and ion radius between Nb and Ta ions. Davies et al. 8 theoretically presumed that the low losses of the 1:2 ordered ceramics were derived from the stabilization of the ordering-induced domain boundaries via the segregation of the Zr cations from the relative free energy consideration. In order to perceive in detail the relationship among dielectric loss, ordered structure and orderinginduced domain boundaries in Ba͓Mg 1/3 ͑Nb x/4 Ta ͑4−x͒/4 ͒ 2/3 ͔O 3 ceramics, high-resolution electron microscopy has been employed and the results are presented.
The high-resolution electron micrograph and selected area electron diffraction pattern of the ordered structure for Ba͓Mg 1/3 ͑Nb 3/4 Ta 1/4 ͒ 2/3 ͔O 3 ceramic taken along the ͓110͔ zone axis is shown in Fig. 2 . ͑The indices are indexed by reference to the reciprocal lattice of the cubic perovskite structure.͒ Strong superlattice reflections ͑indicated by arrowheads͒ are visible at the positions of ͑h ±1/3 k ±1/3 l ±1/3͒ away from the fundamental reflections for the cubic perovskite cell along the Ͻ111Ͼ directions in the ͓110͔ zone diffraction pattern. The superlattice reflections have been indicated as evidence of the 1:2 ordering structure as reported by Lee. 9 The lattice images show the two principal domains of superlattice modulations in the grain. The periodicities of the superlattice modulation are clearly seen as 0.71 nm ͑upper͒ and 0.41 nm ͑lower͒, respectively. The domain of 0.41 nm superlattice modulation is indicated as the fundamental cubic perovskite cell ͑lattice constant is ϳ0.41 nm͒, which is also referred to as a disordered structure. According to the investigation of the ordering structure in La-doped Ba͑Mg 1 5+ or Nb 5+ ͒, with a tripling of the cubic perovskite cell along the Ͻ111Ͼ direction. Figure 3 shows the high-resolution electron micrograph and ͓110͔ zone diffraction pattern of the ordered structure for Ba͓Mg 1/3 ͑Nb 1/4 Ta 3/4 ͒ 2/3 ͔O 3 ceramic. As indicated in Fig.  3͑a͒ , the ordered domains are separated by the curved shape of antiphase domain boundary ͑APB͒. The ordered domain mainly consists of 1:2 ordering structure as shown in Fig.  3͑b͒ . However, it is noticed that there is an extra ordered structure on the APB. The extra superlattice modulation has a longer periodicity of 1.24 nm compared with the two principal domains of superlattice modulations in the grain as indicated in Fig. 3͑c͒ . Furthermore, the extra superlattice modu- lation on the APB shows good coherence with both sides of the 1:2 superlattice modulations. The existence of APB in Ba͑BЈ 1/3 BЉ 2/3 ͒O 3 ceramics have been observed by the curved shaped bright-field image in other papers. 9, 10 However, there is a lack of more detailed investigation about the influence of APB on the ordered structure and dielectric loss. As reported by Wersing, 12 there are three primary dielectric loss mechanisms: ͑1͒ losses in perfect crystals because of anharmonic lattice forces between the crystal's phonons, ͑2͒ losses in real but homogeneous crystals or crystallites caused by periodicity defects, and ͑3͒ losses in real inhomogeneous ceramics by extended dislocations, grain boundaries, pores, inclusions, and second phases. From the energetic and structural viewpoint, the ordering-induced domain boundaries such as APB are highly unfavorable as they produce a region with local cation disorder and considerable associated elastic strain. In the study of Davies et al., 8 the authors supposed that the low losses of the low-BaZrO 3 -doped Ba͑Zn 1/3 Ta 2/3 ͒O 3 ceramic are derived from the stabilization of the ordering-inducing domain boundaries via the partial segregation of the Zr cations. As shown in Fig. 3͑c͒ , the existence of a new extra superlattice structure on the APBs provides a more detailed explanation for the elevated quality factor of the Ba͓Mg 1/3 ͑Nb 1/4 Ta 3/4 ͒ 2/3 ͔O 3 specimen. The appropriate Nb substitution in Ba͑Mg 1/3 Ta 2/3 ͒O 3 ceramic produces domain boundaries stabilization by forming a new extra superlattice on the APBs and then effectively lowers the dielectric loss. Lee et al.. 10 had reported that the two larger superlattice modulations in the La-doped barium magnesium niobate ceramics were 0.94 and 1.42 nm, which respectively correspond to the transition phase of the 1:1 and 1:2 ordered structures. Nevertheless, the new superlattice modulation ͑1.24 nm͒ on the APBs in this study is distinguished from the two larger superlattice modulations. It is worth noting that the new superlattice modulation 1.24 nm is very close to the triple fundamental cubic perovskite cell ͑lattice constant of ϳ0.41 nm͒, 1.24-0.41 nmϫ 3, so it is suggested that the new superlattice structure may be related to the fundamental cubic perovskite cell. However, the definition of the 1.24 nm superlattice modulation is still in need of futher detailed investigation.
In summary, the ordered structure and APB in Ba͓Mg 1/3 ͑Nb x/4 Ta ͑4−x͒/4 ͒ 2/3 ͔O 3 ceramics were investigated by transmission electron microscope. The disorder structure ͑superlattice modulationϳ 0.41 nm͒ and 1:2 ordering structure ͑superlattice modulationϳ 0.71 nm͒ were revealed in Ba͓Mg 1/3 ͑Nb x/4 Ta ͑4−x͒/4 ͒ 2/3 ͔O 3 ceramics. In the Ba͓Mg 1/3 ͑Nb 1/4 Ta 3/4 ͒ 2/3 ͔O 3 ceramic, the improved quality factor was obtained ͑x =1, Q = 17 600͒ due to the stabilization of ordering-induced domain boundaries with an extra ordering structure ͑superlattice modulationϳ 1.24 nm͒ on the APBs.
